Background {#Sec1}
==========

Endemic Burkitt lymphoma (eBL) is a germinal center (GC) B-cell cancer occurring at a high incidence in sub-Saharan Africa. This pediatric cancer was first described by Denis Burkitt in association with rainfall and later linked with increased *P. falciparum* malaria prevalence \[[@CR1], [@CR2]\]. What became recognized as an ubiquitous childhood virus, Epstein-Barr Virus (EBV) was also first described within an eBL tumor, and thus became the first virus associated with a human malignancy \[[@CR3], [@CR4]\]. While generally sensitive to cytotoxic chemotherapies, some tumors remain or become refractory, which contributes to poor outcomes for these children \[[@CR5], [@CR6]\]. It is therefore critical to elucidate all mechanisms involved in eBL pathogenesis in order to identify molecular targets for both early detection, prognostic indicators, and more effective therapy to improve outcomes for these children.

BL is subdivided into an EBV-associated endemic form (eBL) in Africa (also in New Guinea), a sporadic form (sBL) that is most prevalent in developed countries, and an HIV-associated or immunodeficiency-related BL form (id-BL). All forms of BL are characterized by overexpression of the *MYC* gene, a transcription factor and proto-oncogene, that has roles in cell cycle progression, apoptosis and central to B cell transformation \[[@CR7]\]. This overexpression is most often a consequence of a translocation involving chromosomes 8 and 14 approximating the *IGH* enhancer to an intact *MYC* locus \[[@CR8], [@CR9]\]. Less common translocations can involve either of the light chain enhancers positioned next to *MYC* or the direct mutation of the gene leading to its overexpression \[[@CR10]--[@CR12]\]. Simple overexpression of *MYC* is not in and off itself transformative in normal cells as multiple mechanisms and checkpoints exist that counteract aberrant *MYC* expressions triggering apoptosis \[[@CR13], [@CR14]\]. This suggests that there are likely additional genetic and epigenetic changes to fully potentiate the oncogenic transformation. This multi-factorial concept has been strongly supported by a number of studies demonstrating further driver mutations and epigenetic changes \[[@CR15]--[@CR19]\], that play important roles in tumor proliferation, maintenance and abrogating checkpoints in the face of *MYC* overexpression \[[@CR16], [@CR17]\]. However, the exact pattern and combinations of driver mutations and epigenetic changes necessary or sufficient for lymphomagenesis has not been fully elucidated.

Endemic BL, like all other forms of BL, is thought to originate from GC B cells based on the expression of V-region genes diversified by somatic mutations in conjunction with its extra-nodal presentation \[[@CR20]\]. A GC program is supported by the detection of somatic mutations in the rearranged V region genes that are characteristic of GC B-cell differentiation \[[@CR20], [@CR21]\]. While it is unclear if BL cells truly traverse the GC, it is clear that GC B cells are their best normal counterpart and that BL is likely an oncogenically altered GC program \[[@CR22]\] in which GC-restricted transcription factors have powerful oncogenic influence. The expression of protein coding genes and polyadenylated transcripts have provided initial key insights into tumor dysregulation. However, transcriptome expression differences that would facilitate oncogenesis have not been fully explored in eBL. MicroRNAs, being one of the key transcriptome components that have not been carefully examined in primary tumors, may contribute significantly to altered gene expression and initiate lymphomagenesis.

MicroRNAs (miRNAs) are a recently discovered class of small noncoding RNAs with 18 to 24 nucleotides, that regulate gene expression post-transcriptionally by binding to mRNAs with complementarity \[[@CR23], [@CR24]\]. They have been described as managers of gene expression by targeting mRNAs for degradation or translational repression and play a fundamental role in many cellular processes including proliferation, apoptosis, and cell survival that are often key in oncogenesis \[[@CR25]\]. Dysregulation of miRNAs have been found to initiate malignant phenotypes, resulting in development of various cancers \[[@CR26], [@CR27]\]. MiRNA expression profiling studies can be especially rich in biological information, as variations in expression of hundreds of protein-coding genes may be captured in the expression patterns of one or a few miRNAs that regulate them \[[@CR26], [@CR27]\]. To date, the global miRNA and mRNA expression patterns of eBL have not been interrogated. An evaluation of aberrant miRNA and mRNA expression changes in eBL, compared to its normal counterpart, could provide an insight into mechanisms involved in eBL genesis and progression. The identification of oncomirs and tumor suppressor miRs, would be of potential value in the development of novel therapeutic agents targeting miRNAs via mimics or antagomirs.

Although there are studies on mRNA/miRNA profiling, and reports on BL and other non-Hodgkins lymphomas \[[@CR28]--[@CR34]\], a combined analysis of mRNA and miRNA expression patterns of eBL has not been performed using more sensitive and specific next-generation deep sequencing. An integrative analysis of differentially regulated miRNA and mRNA expression in eBL tumors compared to GC B cells will help us better understand the mechanisms involved in oncogenesis and identify key miRNAs and miRNA-mRNA interactions that may underlie eBL lymphomagenesis.

Methods {#Sec2}
=======

Sample collection and ethical approval {#Sec3}
--------------------------------------

We collected Fine Needle Aspirates (FNA) of the primary tumors from children aged between 5 and 12 years diagnosed with endemic BL. The biopsy samples were prospectively collected between 2009 and 2012 prior to chemotherapy treatment at Jaramogi Oginga Odinga Teaching and Referral Hospital (JOOTRH) located in Kisumu City, a regional referral hospital for pediatric cancer cases in western Kenya. Touch prep slides were made from the FNA biopsies and stained using May-Grünwald Giemsa (MGG) staining for morphologic diagnosis. A portion of the biopsy was transferred into RNAlater equilibrated for a day at 4 °C and stored long-term at −20 °C.

Ethical review and approval for this study was obtained from the Institutional Review Board at the University of Massachusetts Medical School, USA and the Scientific and Ethics Review Unit (SERU) at the Kenya Medical Research Institute (KEMRI), Kenya. Parents and legal guardians of the study participants provided written informed consent.

In order to compare eBL to their presumed normal counterpart, GC B cells, we reanalyzed published publicly available miRNAseq and mRNAseq GC B-cell datasets from three previous publications \[[@CR35]--[@CR37]\] and databases (<https://ega-archive.org/datasets/EGAD00001002452>). The raw miRNAseq and mRNAseq fastq read files of the sorted GC B-cells samples were downloaded through the Gene Expression Omnibus (GEO) archive through accession GSE22898 and the Blueprint consortium, dataset ID: EGAD00001002452.

RNA and small RNA isolation {#Sec4}
---------------------------

Total RNA and Small RNA molecules were extracted from eBL FNA samples in RNAlater using the AllPrep DNA/RNA/miRNA Universal kit (Qiagen) according to manufacturer's instructions. Small RNA abundance and integrity were determined after isolation using Nanodrop-ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively. Only samples with a miRNA concentration \> 10 ng/μl and total RNA RIN (RNA integrity number) \> 8.0 were considered for small RNA library preparations and sequencing, as a result, of the 28 samples only 17 were considered for miRNA library preparation. All isolated nucleic acids were stored at −80 °C.

MicroRNA sequencing {#Sec5}
-------------------

Seventeen indexed miRNA libraries were prepared using the Illumina Truseq Small RNA Library Preparation Kit (Illumina Inc., San Diego, CA, USA) following the manufacturer's protocol. The purified small RNA libraries were quantified using the Agilent High Sensitivity DNA Kit (Agilent Technologies, Colorado Springs, CO, USA) and their size distribution was also confirmed. The miRNA libraries were pooled in equimolar concentrations and sequenced on one lane of an Illumina HiSeq 2000 platform (Illumina Inc., San Diego, CA, USA). The fastq files were produced using the CASAVA pipeline v2.0 (Illumina Inc., San Diego, CA, USA) and all generated sequence data can be accessed in NCBI dbGAP accession number: phs001282.v2 \[[@CR18]\].

Preliminary quality control analysis of the 17 fastq files from the eBL patients and the 4 fastq files from GC B cells obtained from Gene Expression Omnibus (GEO) archive, were carried out with FASTQC software v0.10.0 \[[@CR38]\]. Cutadapt v1.1 \[[@CR39]\] was then used to trim off the 3′-adaptor sequences from the sequencing reads. Novobarcode \[[@CR40]\] was then used to de-multiplex the 17 eBL samples based on the 6-nucleotide barcode that was added to the smallRNA sequencing library of each sample. Reads shorter than 18 nucleotides after adaptor trimming and barcode removal were discarded. Reads passing all the above filters were aligned to human genome (hg19) using bowtie \[[@CR41]\]. The resulting sequences were subjected to our computational pipeline, which consists of a number of in-house made scripts using miRDeep2 \[[@CR42]\] to determine the miRNA counts for each of the samples.

RNA sequencing {#Sec6}
--------------

Briefly, starting with 1-5 μg total RNA, we prepared strand-specific RNAseq libraries following the protocol from Zhang et al. \[[@CR43]\] combined with mRNA enrichment with oligo-dT using Dynabeads mRNA purification kit (Life Technologies). Final library qualities were confirmed with Bioanalyzer High sensitivity DNA kit (Agilent) and sequenced with paired end read (2x100bp) using multiple lanes of Illumina HiSeq 2000 (Illumina Inc., San Diego, CA, USA). Data can be accessed at dbGAP with accession number phs001282.v1.

Differential gene expression analysis {#Sec7}
-------------------------------------

After quality assessment and preprocessing the raw sequencing reads, we aligned mRNA read pairs to a transcriptome index built by RSEM \[[@CR44]\] using Gencode v19 protein coding transcript annotations and hg19 genomic sequence. To perform differential gene expression test between 28 eBL tumors and 5 GC B-cells, we used edgeR \[[@CR45]\] in R computing environment. To be able to account for the batch variables and unknown factors while testing for the differential expression between the eBL tumors and GC B-cell RNA expression data from another dataset, we estimated the number of latent factors for every comparison separately using svaseq \[[@CR46]\] while preserving the variation of interest (Additional file [1](#MOESM1){ref-type="media"}). We then incorporated these surrogate variables into the testing model for edgeR. *P*-values were adjusted for multiple testing with the Benjamini and Hochberg (1995) approach for adjusting the false discovery rate (FDR) and adjusted *p*-values were filtered at 0.01. Significantly differentially expressed (DE) mRNAs had Benjamini-Hochberg (BH) multiple test corrected *P*-values \< 0.01.

Gene set enrichment analysis {#Sec8}
----------------------------

We performed a standard gene set enrichment analysis (GSEA) using the GSEA module implemented by Broad Institute, Cambridge, MA. GSEA was performed on normalized expression data and on data after surrogate variable analysis as described by Kaymaz Y. et al \[[@CR18]\]. For a ranking metric, we used signal to noise value of each gene, and performed a permutation test for FDR by permuting sample phenotypes (eBL tumor cells and GC B cells). The analysis included standard gene sets of hallmark and oncogenic signatures as well as the curated C2 gene sets from the Molecular Signatures Database (v5.0 MSigDB).

Differential miRNA expression analysis {#Sec9}
--------------------------------------

Differential miRNA expression was performed between the 17 eBL tumor cells and 4 GC B cells. This expression analysis of miRNA-Seq data was also performed using the R/Bioconductor package edgeR \[[@CR45]\]. First, we counted the number of reads uniquely mapped to miRNA regions according to the reference database miRBase \[[@CR47]\]. Only miRNAs that had at least 10 counts per million in at least half of the samples were analyzed for evidence of differential gene expression. The biological reason for this is that a miRNA must be expressed at some minimal level before it is likely to affect gene regulation. The statistical reason was that very low counts would provide little statistical information to distinguish between the null and the alternative hypothesis \[[@CR47]\]. We also applied svaseq \[[@CR46]\] to account for the batch variables and unknown factors while preserving the variation of interest for the differential expression analysis. We then incorporated these surrogate variables into the testing model for edgeR. P-values were also adjusted for multiple testing with the Benjamini and Hochberg (1995) approach for adjusting the FDR and adjusted *p*-values were filtered at 0.01. Significantly DE miRNA also had BH multiple test corrected *P*-values \<0.01.

Network propagation method to infer the perturbed miRNA regulatory network using differential gene expression data {#Sec10}
------------------------------------------------------------------------------------------------------------------

The network propagation based method (NP-method) \[[@CR48]\], was used to infer the key miRNA regulatory networks whose perturbation is most likely to induce the observed gene expression changes in eBL compared to their normal counterpart. By integrating eBL differential gene expression data with prior biological knowledge of miRNA-target interactions \[[@CR49]\] and the TF (Transcription factor)-gene regulatory network (HTRIdb) \[[@CR50]\], a network-based random walk with restart (RWR) plus forward searching algorithm \[[@CR51]\] was carried out to calculate the network perturbation effect score (NPES) of miRNAs and extract their leading-edge target genes. To avoid bias towards miRNAs with a large target set, gene set permutation based analysis repeated 1000 times was performed to normalize the score and estimate the *p*-value for each miRNA.

MicroRNA target identification {#Sec11}
------------------------------

miRNAs regulate expression of specific genes via hybridization to mRNA transcripts to promote RNA degradation, inhibit translation or both \[[@CR52]\]. Identification of target genes of the aberrantly expressed miRNAs is important for understanding the regulatory networks associated with eBL development. To investigate the biological relevance of the identified DE miRNAs, we identified all the validated target genes for the DE miRNAs using the validated target module of the miRWalk2.0 \[[@CR53], [@CR54]\] database.

MicroRNA-mRNA pairs of interest {#Sec12}
-------------------------------

To identify miRNA-mRNA pairs of interest, we first identified the DE validated target genes of the DE miRNAs, that exhibited an inverse expression change to the miRNA (Pearson correlation, *P* = 0.05). We tested if the miRNA-mRNA pairs are of potential biological significance or by chance. To achieve this, we performed a permutation test of significance repeated 10,000 times. The permutation tested whether the number of miRNA-mRNA pairs were more than would be expected by chance.

GO and KEGG pathway enrichment analysis {#Sec13}
---------------------------------------

For functional analyses of the miRNA targets, Gene ontology (GO) term analysis was applied to organize genes into categories based on biological processes, cellular components and molecular functions. Biological pathways defined by Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were identified by DAVID (Database for Annotation, Visualization and Integrated Discovery) software \[[@CR55]\]. DAVID online was used to provide a set of functional annotations of a large number of genes. *P*-values of each pathway were adjusted using the Benjamini-Hochberg method to control the FDR. In the current study, GO terms and signaling pathways were selected with the threshold of significance being defined as *P* \< 0.01 and FDR \< 0.05.

Results {#Sec14}
=======

Expression of germinal center (GC) B cell differentiation genes in eBL tumors {#Sec15}
-----------------------------------------------------------------------------

Using publically available miRNA and mRNA data from our published eBL \[[@CR18], [@CR56]\] and published normal GC B cells \[[@CR35]--[@CR37]\], we first examined the mRNA gene expression to ensure proper signatures consistent with the described tumor and GC B cell expression phenotype. The expression levels of B cell differentiation genes in eBL tumor cells were at comparable levels to the GC derived B cells. RNA expression counts of key GC transcription factors (BCL6 and PAX5) were well expressed while plasma cell genes (BLIMP1 and IRF4) were at low levels. Overall, this supports a GC B-cell like tumor phenotype and the validity of further comparisons between these malignant and normal GC B cells (Additional file [2](#MOESM2){ref-type="media"}).

Gene expression profiling comparing germinal center B cells and endemic BL {#Sec16}
--------------------------------------------------------------------------

To identify genes that may contribute to the oncogenic phenotype of eBL, gene expression profiling was conducted on 28 eBL of our newly sequenced tumor samples \[[@CR18]\] and 5 previously published GC B cells \[[@CR35]--[@CR37]\]. As shown in Fig. [1](#Fig1){ref-type="fig"}, hierarchical clustering of most variant genes revealed a clear separation of the two groups where the eBL samples are clearly differentiated from their normal counterparts. Performing differential expression analysis between eBL and normal GC B cells, we identified 211 differentially expressed (DE) genes using stringent thresholds (logFC \> 2, *p*-value \< 0.01 and FDR \< 0.01) (Fig. [2](#Fig2){ref-type="fig"}, Additional file [3](#MOESM3){ref-type="media"}). Of these, 132 genes were downregulated and 79 were upregulated in eBL compared to their normal GC counterparts (Additional file [3](#MOESM3){ref-type="media"}). Among the upregulated genes was *MYC*, whose over-expression is central to BL oncogenesis (logFC = 3.07, *p*-value = 5.50E-24 and a FDR = 1.15E-22). Also among the upregulated genes were mitochondrial protein coding genes (*MT-ND3, MT-ND4L, MT-ND4, MT-ND2, MT-CYB, MT-ND1, MT-CO1* etc), which may be as a result of the elevated metabolism characteristic of cancer cells to sustain their survival. We observed the upregulation of *TFAP4* (Transcription factor activating enhancer-4)/*AP4*, a direct transcriptional target of *MYC* to induce cell cycle progression, (logFC = 2.12, *p*-value = 1.18E-35 and FDR = 6.35E-34). We also observed the downregulation of the protein kinases *ATM* (ataxia-telangiectasia mutated) (logFC = −2.46, *p*-value \< 0.0001 and FDR \< 0.00001), an activator of the DNA damage response in the face of DNA double strand breaks (DSBs), and *NLK* (nemo-like kinase) (logFC = −2.55, *p*-value \< 0.0001 and FDR \< 0.0001), a p53 activator, in eBL tumor cells.Fig. 1Sample to sample hierarchal clustering of eBL tumor cells and GC B cells based on **a** mRNA expression profiles, **b** miRNA expression profiles with highest correlation of variation (CV) values (calculated using regularized log transformed mRNA and miRNA expression values) Fig. 2Differentially expressed mRNAs in eBL compared to GC B cells. **a** Heatmap of differentially expressed (DE) miRNAs between eBL tumor cells and GC (Germinal center) B cells. The heatmap shows the hierarchical clustering based on the expression profiles of the 211 DE genes with at least 2-fold difference in expression compared to their normal counterpart. **b** Volcano plot representing the significance genes (−log of the adjusted *p*-value) vs the fold change difference in eBL compared to GC B-cells. The red and blue colored circles represent genes which are DE with *p* \< 0.01 and FDR \< 0.01. The 132 down-regulated genes in eBL are colored blue (have a negative fold-change value) while the 79 up-regulated genes in eBL are colored red (positive fold-change value)

To identify more subtle changes in overall pathways and functional sets of genes, we also performed gene set enrichment analysis (GSEA). The analysis, using a FDR \< 0.25, detected only one enriched gene set. This was the gene set HALLMARK_MYC TARGETS_V1 (a set of genes regulated by *MYC*) (Fig. [3](#Fig3){ref-type="fig"}; Additional file [4](#MOESM4){ref-type="media"}), which again highlights MYC's pivotal role in eBL oncogenesis. This comparison confirms that our eBL dataset is consistent with expected differences between normal and cancerous B cells.Fig. 3Gene set enrichment plot and expression heatmap of corresponding genes in the enriched gene set. Left panels include the running enrichment score throughout the gene set and projection of genes in the geneset to the complete list of genes rank ordered based on signal to noise ratio. On the expression heatmap (columns are eBL tumors and GC B cells, rows are genes in the gene set), dark red represent higher expression while dark blue lower expression. Genes in this enrichment are a set of genes regulated by MYC in eBLs tumor cells relative to GC B cells (ES = 0.45, Nominal *P* = 0.046, FDR q = 0.118)

MiRNA expression profiling in endemic BL {#Sec17}
----------------------------------------

Next, to identify differences in miRNA-mRNA regulatory networks, we profiled the miRNA expression of 17 eBL tumor samples compared to 4 GC B cells. Hierarchical cluster analysis on the expression profile of the most variant miRNAs separated the GC B cells from the eBL tumor cells (Fig. [1](#Fig1){ref-type="fig"}). We identified 49 miRNAs to be significantly DE (logFC \> 2, *p*-value \< 0.01 and FDR \< 0.01) between eBL and GC B cells. Of these, 27 miRNAs were downregulated and 22 were upregulated in eBL samples compared to GC B cells (Fig. [4](#Fig4){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). For these 49 DE miRNAs, we used miRWalk2.0 to identify their validated mRNA targets (Additional file [5](#MOESM5){ref-type="media"}). Gene ontogeny and pathway enrichment analysis of the validated targets, revealed the enrichment of Pathways in Cancer (*p*-value \< 0.01 and FDR \< 0.01) as the top enriched KEGG pathway, and other cancer associated KEGG pathways (such as hsa05205:Proteoglycans in cancer, hsa05203:Viral carcinogenesis, hsa05220:Chronic myeloid leukemia) (Additional file [6](#MOESM6){ref-type="media"}). Of the DE miRNAs, there was a marked number targeting critical tumor suppressors (*PTEN*, *AXIN1*, *ATM*, *NLK*) and critical proto-oncogenes and tumor promoting genes such as *MYC* \[[@CR57]\] (Additional file [5](#MOESM5){ref-type="media"}). For instance, the downregulated miRNAs included let-7 family members (let-7a-5p, let-7b-5p, let-7c, let-7d-5p, let-7e-5p, let-7f-5p, let-7 g-5p) (logFC \< −2.5), which all target *MYC* gene for post-transcriptional regulation \[[@CR58]--[@CR62]\]. Among the upregulated miRNAs in eBL were members of the miR-17\~92 cluster (miR-19b-3p, and miR-92a-3p) (logFC \> 3), which target tumor suppressor genes such as *TP53* \[[@CR63]\] and *ATM* (ataxia telangiectasia mutated) kinase \[[@CR59], [@CR64]\], respectively.Fig. 4Differentially expressed miRNAs in eBL compared to GC B cells. **a**. Heatmap of differentially expressed (DE) miRNAs between eBL tumor cells and GC (Germinal center) B cells. The heatmap shows the hierarchical clustering based on the expression profiles of the 49 DE miRNAs with at least 2-fold difference in expression compared to their normal counterpart. **b**. Volcano plot representing the significance miRNAs (−log of the adjusted p-value) vs the fold change difference in eBL compared to GC B-cells. The red and blue colored circles represent miRNAs which are DE with *p* \< 0.01 and FDR \< 0.01. The 27 down-regulated miRNAs in eBL are colored blue (have a negative fold-change value) while the 22 up-regulated miRNAs in eBL are colored red (positive fold-change value) Table 1Differentially expressed miRNAs between eBL tumor cells and GC B cells (logFC \> 2, *p*-value \< 0.01 and FDR \< 0.01)miRNA nameLog FC eBL versus GC B cellsBH adjusted *p*-valueFDRRegulation eBL versus GC B cellsUpregulated miRs hsa-miR-486-5p10.66091.38E-201.19E-19Up hsa-miR-182-5p8.94784.55E-264.63E-25Up hsa-miR-10a-5p6.13493.60E-091.19E-08Up hsa-miR-183-5p5.74632.02E-151.19E-14Up hsa-miR-22-3p5.55877.96E-174.95E-16Up hsa-miR-19b-3p4.78073.32E-131.43E-12Up hsa-miR-186-5p4.38153.43E-192.56E-18Up hsa-miR-92b-3p4.06733.01E-121.16E-11Up hsa-miR-769-5p3.92687.24E-122.70E-11Up hsa-miR-27b-3p3.89644.25E-142.07E-13Up hsa-miR-30b-5p3.51929.55E-113.45E-10Up hsa-miR-146b-5p3.41028.07E-102.74E-09Up hsa-miR-532-5p3.14932.26E-107.93E-10Up hsa-miR-660-5p3.11836.35E-092.03E-08Up hsa-miR-26a-5p3.06392.38E-076.65E-07Up hsa-miR-130a-3p3.00183.50E-057.13E-05Up hsa-miR-21-3p2.71372.29E-065.58E-06Up hsa-miR-92a-3p2.68372.11E-086.58E-08Up hsa-miR-148a-3p2.62212.61E-077.14E-07Up hsa-miR-99b-5p2.45661.97E-043.74E-04Up hsa-miR-36152.23281.23E-052.65E-05Up hsa-miR-340-5p2.13212.30E-044.30E-04UpDownregulated miRs hsa-miR-423-5p−6.820826.92E-382.59E-36Down hsa-miR-331-3p−6.224244.78E-286.70E-27Down hsa-miR-222-3p−5.761423.31E-296.18E-28Down hsa-miR-140-3p−5.677781.03E-521.16E-50Down hsa-let-7d-5p−5.548281.29E-271.61E-26Down hsa-miR-320a−5.120113.82E-382.14E-36Down hsa-miR-29a-3p−4.802034.01E-361.12E-34Down hsa-let-7 g-5p−4.784943.71E-182.46E-17Down hsa-let-7f-5p−4.522464.60E-234.29E-22Down hsa-miR-221-3p−4.508041.18E-332.64E-32Down hsa-let-7e-5p−4.442586.34E-277.10E-26Down hsa-let-7b-5p−3.909082.16E-151.21E-14Down hsa-miR-28-5p−3.856896.16E-299.86E-28Down hsa-let-7a-5p−3.798271.52E-201.22E-19Down hsa-miR-1260a−3.326327.61E-143.55E-13Down hsa-miR-103a-3p−3.234833.74E-182.46E-17Down hsa-miR-1260b−3.168421.42E-125.91E-12Down hsa-miR-30e-3p−3.005218.00E-154.27E-14Down hsa-let-7c−2.984893.79E-141.93E-13Down hsa-miR-29c-3p−2.906312.48E-131.11E-12Down hsa-miR-107−2.896832.00E-128.00E-12Down hsa-miR-1275−2.529711.30E-052.74E-05Down hsa-miR-15b-5p−2.175244.93E-081.45E-07Down hsa-miR-423-3p−2.155497.20E-071.92E-06Down hsa-miR-378i−2.132561.86E-064.64E-06Down hsa-miR-155-5p−2.077278.29E-061.82E-05Down hsa-miR-21-5p−2.024464.01E-081.22E-07Down*Abbreviations*: *eBL* endemic Burkitt lymphoma, *GC* germinal center, *BH* Benjamini & Hochberg, *FC* Fold Change, *FDR* False discovery rate

Prediction of miRNAs influencing aberrant gene expression in eBL using network propagation-based method {#Sec18}
-------------------------------------------------------------------------------------------------------

A miRNA could regulate gene expression in eBL cells either by directly targeting genes dysregulated in eBL or by targeting regulatory elements (such as transcription factors), whose impact may propagate across the whole regulatory network to influence eBL development. Thus, we used the mRNA expression data in a network propagation model \[[@CR48]\] to identify miRNAs, whose expression change may contribute to the observed gene expression alterations in eBL tumor cells compared to their normal counterparts. MiRNA-target regulation information \[[@CR49]\] and the transcription regulatory database (HTRIdb) was used to model the network effects of the miRNA dysregulation in eBL. The correlation between network effect of the miRNA perturbation and gene ranking was evaluated. This identified 12 eBL-related miRNA families significantly enriched (network perturbation effect score (NPES) \>2, adjusted *p*-value \< 0.05 and FDR \< 0.1) in regulation of the aberrant gene expression profile in eBL (Additional file [7](#MOESM7){ref-type="media"}). The top ranked miRNAs (NPES \> 2.8, *p* = 0.001 and FDR \< 0.02) included, miR-19b-3p (miR-19ab family) and miR-92a/b-3p (miR-25/32/92abc/363/363-3p/367 family), were significantly upregulated in eBL tumor cells, and targets tumor suppressor genes such as *ATM* and *NLK*, which are observed to be downregulated in eBL. Overall, the enriched miRNAs (Additional file [7](#MOESM7){ref-type="media"}) are more likely to cause the observed differential gene expression in eBL, to supplement the aberrant molecular mechanisms involved in lymphoma development.

Integration of miRNA and mRNA expression data {#Sec19}
---------------------------------------------

We next considered miRNA-mRNA pairs to be of potential biological significance if the change in the miRNA expression produces a change in mRNA expression in the opposite direction and the magnitude of change is higher than that by chance. We first identified genes targeted by the DE miRNAs in eBL using miRWalk2.0, and of these target genes, we identified the DE validated targets of the aberrantly expressed miRNAs (Additional file [8](#MOESM8){ref-type="media"}). 220 miRNA-mRNA pairs were identified. To test if the observed miRNA-mRNA pairs were significant and not due to chance, we performed a permutation test repeated 10,000 times. 181 miRNA-mRNA pairs were then identified, to be of potential biological significance (*p*-value \< 0.05) (Additional file [8](#MOESM8){ref-type="media"}). Fig. [5](#Fig5){ref-type="fig"} illustrates potential miRNA-mRNA pairs that would influence ATM and NLK function in response to DNA damage to facilitate eBL lymphomagenesis.Fig. 5Aberrant transcriptome expression pivotal to eBL lymphomagenesis. **a** Schematic illustration of the aberrant gene expression and miRNA mediated regulatory changes that would initiate lymphomagenesis as a result of DNA damage. Combined loss of p53 function due to small interfering RNA-mediated regulation of *ATM* and *NLK* together with upregulation of TFAP4, would facilitate survival of cells with the *c-myc-Igh* chromosomal translocation and MYC induced cell cycle progression initiating eBL tumor development. ATM checkpoint kinase, transduces genomic stress signals to halt cell cycle progression in response to DNA damage. It is critical in the regulation of apoptosis and lymphomagenesis in *c-myc* induced lymphomas. *ATM* is downregulated in eBL and it is targeted by 4 miRs that are Upregulated in eBL. NLK is required for the upregulation of P53 expression in response to DNA damage. It interacts with P53 to enhance its stability and activity by abrogating MDM2 mediated degradation. *NLK* is downregulated in eBL tumor cells and also targeted by 2 miRs that are upregulated in eBL tumor cells. TFAP4/AP4 is a central mediator of cell cycle progression in response to c-MYC activation. **b** RNA seq. Expression counts of *MYC*, *TFAP4*, *ATM* and *NLK* in eBL tumor cells and GC B cells. **c** Hierarchical clustering of eBL and GC B cells based on the expression profiles of *MYC*, *TFAP4*, *ATM* and *NLK* also revealed a clear separation of the two groups. **d**. miRNA seq. Expression counts of hsa-miR-26a-5p, hsa-miR-27b-3p, hsa-miR-30b-5p, miR-17\~92-cluster members (hsa-miR-19b-3p, and hsa-miR-92a-3p), and let-7-family miRs (hsa-let-7a-5p, hsa-let-7b-5p, hsa-let-7d-5p, hsa-let-7e-5p, and hsa-let-7 g-5p) in eBL tumor cells and GC B cells

Functional enrichment analysis of the inversely-expressed target genes of the DE miRNAs provided us with an overall clue of their functional roles in eBL development. The KEGG pathway analysis demonstrated that the DE targets were significantly associated with transcriptional misregulation, NF-Kappa B signaling, EBV infection, phosphotidlyinisitol signaling and viral carcinogenesis pathways (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6**a** The significantly enriched signaling pathways of the validated target genes of the DE miRNAs that showed an inverse expression change. **b** The significantly enriched gene ontologies (GO's) of the validated target genes of the DE miRNAs that showed an inverse expression change

Discussion {#Sec20}
==========

MicroRNAs regulate the expression of approximately 30% of all genes in the human genome \[[@CR65]\]. In a normal cell, the interaction of miRNAs and target mRNAs is tightly regulated, whereas this regulation is often lost in cancer cells. A growing body of evidence suggests that miRNAs are aberrantly expressed in many human cancers and that they play significant roles in the initiation and development of these cancers \[[@CR66]\]. Therefore, to better understand the specific molecular characteristics of eBL, we identified differentially expressed miRNAs and mRNAs in eBL tumor cells compared to GC B cells based on high-throughput sequencing datasets. This is the first attempt to simultaneously analyze mRNA and miRNA expression profiles in eBL tumor cells compared to their normal counterpart. We identified 211 mRNAs and 49 miRNAs DE with fold changes \>2 and *P*-values \< 0.01 in eBL tumor cells compared to GC B cells. Of these, 181 miRNA-mRNA pairs, which appeared to be of genuine biological significance and not by chance, showed an inverse direction of expression change. With the aim of understanding the transcriptome expression changes pivotal to eBL development, we identified the aberrant expression of genes (such as *ATM* and *NLK*) and miRNAs (such as let-7 family members and miR-17\~92 cluster members) that could endorse eBL lymphoma development and sustain survival of tumor cells in the presence of myc translocation.

Members of the MiR-17\~92 cluster gene are the first miRNAs to be implicated in cancer development \[[@CR67], [@CR68]\]. This miRNA gene cluster encodes for six distinct miRNAs (miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92) that share the same seed sequence \[[@CR68]\]. These miRNAs are frequently over-expressed in other cancers (including multiple B and T cell lymphoid malignancies as well as colorectal cancer, breast cancer, pancreatic cancer, ovarian cancer, lung cancer, and hepatocellular carcinoma) \[[@CR67], [@CR69]\] and in BL compared with other non-Hodgkin lymphomas (NHLs) \[[@CR28], [@CR35], [@CR68], [@CR70]\]. *MYC* overexpression, because of its translocation to the immunoglobulin locus in BL, enhances the expression of miR-17\~92 cluster miRNAs by binding directly to its genomic locus \[[@CR22], [@CR71]\] to accelerate carcinogenesis. MiR-17\~92 overexpression has been observed previously in sBL tumors \[[@CR16]\]. This is consistent with levels in our eBL study. By observing elevated expression of MYC, miR-19b-3p, miR-92a-3p and miR-92b-3p in eBL tumor cells compared to GC B-cells, we confirm that elevated expression of the miR-17\~92 cluster miRNAs is a critical feature facilitating eBL lymphomagenesis. Human let-7 family members were also observed to be abnormally expressed in eBL. These related miRNAs act as tumor suppressors, regulators of differentiation and apoptosis, and have been observed to be downregulated in most cancers \[[@CR72]\]. Let-7 regulates many transcription factors and oncogenes that play important roles in cell cycle regulation, cell proliferation and apoptosis. These miRNAs have been shown to repress *MYC* \[[@CR29]\] controlling proliferation and tumor development. We observed seven let-7 family members (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, and let-7 g) to be downregulated in eBL tumor cells compared to GC B-cells consistent with their functional role in the genesis and maintenance \[[@CR29]\] of eBL tumor cells in the presence of *MYC* deregulation.

Constitutive MYC activity is necessary for all forms of BL \[[@CR22], [@CR73]\], however, overexpression of this proto-oncogene also induces apoptotic stress responses which are overcome during lymphomagenesis. Following *MYC* translocation and deregulation in eBL, apart from genetic alterations and mutations that would facilitate escape from myc-mediated apoptosis \[[@CR73]--[@CR75]\], aberrantly expressed miRNAs may also enable a cell to tolerate such oncogene-induced apoptotic stress. MYC is known to activate the p53 tumor suppressor pathway to initiate the apoptotic stress response, however tumor cell survival prevails. The observed downregulation of *ATM* gene and *NLK* (Nemo-like Kinase) in eBL, possibly due to small-interfering RNA mediated regulation, would impair P53 induced by MYC, initiating lymphoma occurrence.

Loss of ATM has been observed in gastric cancer \[[@CR76], [@CR77]\]. This checkpoint kinase, transduces genomic stress signals to halt cell cycle progression in response to DNA damage. It is critical in the regulation of the P53 apoptotic pathway and lymphomagenesis in *c-myc* induced lymphomas \[[@CR78], [@CR79]\]. ATM could be a pivotal tumor suppressor in response to the translocation occurrence characteristic of eBL tumor cells. It is possible that during tumorigenesis a number of GC B cells have low *ATM* levels due to small interfering RNA-mediated regulation, as a result of irregular expression of miR-27b-3p, miR-26a-5p, miR-30b-5p and myc-dependent activation of miR-17\~92 cluster miRNAs. In turn the levels fall below the threshold to halt cell cycle progression in response to DNA damage and maintain P53 activation. Downregulation of *ATM* gene in eBL tumor cells, implies a defective response to DNA damage and P53 activation to suppress tumor development initiated by the *t(8:14)* chromosomal translocation. Upregulation of miRNAs (miR-27b-3p, miR-26a-5p, miR-30b-5p, miR-19b-3p, and miR-92b-3p) in eBL targeting *ATM* suggests abnormal miRNA mediate regulation of this gene which would lead to ATM loss. The observed *NLK* downregulation in eBL tumor cells could also be critical to aid in tumor cell escape from certain death initiated by DNA damage (that results in the *c-myc-Igh* chromosomal translocation) and oncogene-induced apoptotic stress. NLK has been shown to be an important P53 regulator in response to DNA damage and is critical to P53 stability and function \[[@CR80], [@CR81]\]. Based on our results, we hypothesize that low *NLK* levels in eBL tumors, probably due to miRNA (upregulated miR-92a-3p and miR-27b-3p expression) mediated regulation, would reduce the stability and activation of P53 in suppressing eBL lymphomagenesis. *ATM* and *NLK* genes were also observed to be significantly down-regulated in established BL cell lines (Namalwa, Raji Ramos, Daudi, Thomas, BL41, BL2, BL30, BL70, CA46, and Gumbus) compared to GC B cells (Additional file [9](#MOESM9){ref-type="media"}), supporting the notion that loss of these genes are critical to eBL lymphomagenesis and tumor cell survival.

Our data also revealed the upregulation of *TFAP4/AP4* (transcription factor AP-4) in eBL tumor cells. Interestingly, *AP4* is a c-MYC inducible transcription factor that has been shown to be elevated in many types of tumors \[[@CR79], [@CR82]--[@CR85]\] and it has been shown to also harbor an oncogenic potential \[[@CR86]\]. Therefore, it is likely that the upregulation of AP4 expression also mediates cell cycle progression, probably in response to MYC activation, coupled with P53 loss of function due to miRNA regulation of *ATM* and *NLK*, would facilitate the survival of cells harboring the *c-myc-Igh* translocation initiating eBL tumor development (Fig. [5](#Fig5){ref-type="fig"}).

EBV is highly associated with eBL diagnosed in Africa and thus the observed enrichment of infection and viral carcinogenesis pathways was not unexpected. Presence of EBV encoded proteins such as EBNA-1, EBNA-3C and LMP-1 promote genomic instability \[[@CR87]\], which could contribute to eBL pathogenesis. Genomic instability, which would be initiated by EBV latent proteins coupled with loss of *ATM* as observed and impaired P53 activity (as a result of the observed *NLK* loss) due to miRNA repression, would favor the proliferation and survival of eBL tumor cells. EBV miRNA (ebv-miR-bart5), which is expressed in eBL tumor cells \[[@CR56]\], and LMP-1 gene can also inhibit *ATM* expression \[[@CR87]\]. However the observed down-regulation of *ATM* in EBV negative BL cell lines (BL2, BL30, BL41, BL70, CA46, Gumbus, and Ramos) (Additional file [9](#MOESM9){ref-type="media"}) supports the notion that, irrespective of EBV's association with eBL, other genetic aberrations could lead to *ATM* loss in eBL. Genomic aberrations such as abnormal upregulation of host miRNAs (miR-27b-3p, miR-26a-5p, miR-30b-5p, miR-19b-3p, and miR-92b-3p) targeting *ATM* would favor proliferation, tumor cell survival and occurrences of mutations that would favor oncogenesis.

Conclusion {#Sec21}
==========

In summary, this study represents the first integrative analysis of miRNA and mRNA expression in eBL tumors. We identified a number of mRNAs and miRNAs that are DE in eBL compared to GC B-cells, the postulated progenitor cell type. The differentially regulated miRNAs and mRNAs identified in eBL contribute to our understanding of the multifactorial nature of eBL lymphomagenesis. We speculate that the combined loss of p53 function in response to DNA damage and oncogene (MYC) induced stress may be due to miRNA-mediated regulation of *ATM* and *NLK* together with upregulation of *TFAP4*. Combined, this facilitates survival of eBL tumor cells with the *c-myc-Igh* chromosomal translocation and promotes MYC induced cell cycle progression initiating eBL lymphomagenesis.
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